In reverse genetics, RNA interference (RNAi) which is substitutable for gene-disruption, is an outstanding method for knockdown of a gene's function. In Caenorhabditis elegans, feeding RNAi is most convenient, but this RNAi is not suitable for knockdown of multiple genes. Hence, we attempted to establish an efficient method of feeding RNAi for multiple knockdown. We produced bacteria yielding three distinct double-stranded RNAs bound to one another, and fed those bacteria to C. elegans. Quantitative RT-PCR and observation of phenotypes indicated that our method is much more efficient than the traditional one. Our method is useful for investigating genes' functions in C. elegans.
RNA interference (RNAi) is a powerful tool for investigation of gene function in reverse genetics. RNAi, knockdown of gene's function, was first performed in the nematode Caenorhabditis elegans. 1) In C. elegans, there are three ways to introduce double-stranded RNA (dsRNA) for induction of RNAi: microinjection, soaking, and feeding. [1] [2] [3] Among these, feeding RNAi is the least labor-intensive and most inexpensive method. In this RNAi, bacteria producing desired dsRNA (RNAi bacteria) are fed to animals, and either they or their progeny are scored for mutant phenotypes. The effect of the RNAi continues during feeding of the bacteria. Hence, it can be used to measure lifespan, which is necessary for long-term observation. 4, 5) When knockdown of two genes (double knockdown) is carried out, injection RNAi or soaking RNAi is usually adopted. In such cases, the tested animals are subjected to injection of a mixture of dsRNAs produced in vitro or soaking in the mixture. When feeding RNAi is carried out for double knockdown, animals are fed a mixture of two sorts of RNAi bacteria at the same time (double feeding). However, in some cases, only one gene's function is significantly inhibited, or both genes are only slightly knocked down. This is due to the lesser reliability of double feeding than single feeding. 6, 7) Given this background, we attempted to establish a method for more convenient, efficient, and reliable knockdown of more than two genes using feeding RNAi. We expected that bacteria producing two distinct dsRNAs bound to each other might induce simultaneous knockdown. In this report, we describe the results of our trial not only for double knockdown but also for triple knockdown using feeding RNAi.
In order to test our proposal for simultaneous knockdown of two distinct genes using feeding RNAi, we chose the oma-1 and oma-2 genes of C. elegans, which are functionally redundant to each other. These genes encode RNA-binding proteins with CCCH-type zincfinger motifs, and are involved in oocyte maturation. 8) When one of them is subjected to knockdown, oocyte maturation normally occurs, due to the redundant function of the other gene. We constructed RNAi plasmids for oma-1, oma-2, and oma-1;oma-2, as follows: We isolated poly(A) þ RNA using an Isogen Poly(A) þ Isolation Pack (Nippon Gene, Tokyo), and then synthesized cDNA with a First-Strand cDNA Synthesis Kit (Takara, Shiga, Japan) to be used as a template of RCR. A partial cDNA for oma-1 (21-802 bp) and one for oma-2 (25-849 bp) were amplified using TaKaRa EX Taq (Takara). The following primer pairs were used for PCR amplification: oma-1 (5 0 -caacgagaagatcgatgagc-3 0 and 5 0 -ccaagcgtctagagcaaaca-3 0 ) and oma-2 (5 0 -atccagaataatgaggctcg-3 0 and 5 0 -cagactatccaatgcgaaga-3 0 ). The PCR products were subcloned into pGEM-T Easy Vector (Promega, Madison, WI) and then sequenced. The inserted fragments were separated from the subclones by digestion with Eco RI and then introduced into RNAi vector pPD129.36, yielding the RNAi plasmids. To construct an RNAi plasmid for double knockdown, the two Eco RI fragments described above were introduced into the RNAi vector. Insertion of the fragments was ascertained by PCR using the oma-1 and oma-2 primers and the T7 primer (5 0 -taatacgactcactataggg-3 0 ), with which the region of the multiple-cloning site in the RNAi vector was amplified. The schematic structures of the RNAi plasmids are shown in Fig. 1A . The Escherichia coli HT115(DE3) strain was transformed with the various RNAi plasmids as well as pPD129.36 (the empty vector). Then feeding RNAi was carried out by the method of Kamath et al. 9) Wild-type animals at the L4 stage were fed the various RNAi bacteria. The animals were also fed a mixture of oma-1 y To whom correspondence should be addressed. Fax: +81-857-31-6764; E-mail: kawano@muses.tottori-u.ac.jp Abbreviations: daf, dauer formation abnormal; dsRNA, double-stranded RNA; GFP, green fluorescence protein; oma, oocyte maturation abnormal; RNAi, RNA interference Biosci. Biotechnol. Biochem., 74 (11), [2361] [2362] [2363] [2364] [2365] 2010 Communication RNAi bacteria and oma-2 RNAi bacteria (double feeding).
In order to ascertain the effect of each RNAi, first we carried out quantitative RT-PCR to investigate the decrease in the amount of the corresponding transcripts. We isolated poly(A) þ RNA from animals fed the RNAi bacteria as described above, synthesized the cDNA, and then performed PCR. The PCR mixture contained 0.3 mM of each primer, 1.0 mg/l of dT ð30Þ -primed cDNAs, and ThunderbirdÔ SYBR Ò qPCR Mix (Toyobo, Osaka, Japan). qPCR was run and monitored on a LineGene real-time thermal cycler (BioFlux, Tokyo) under the following reaction conditions: 95 C for 15 s, 55 C for 15 s, and 72 C for 30 s (40 cycles). Initial data analysis was carried out using the Fluorescent Quantitative Detection System (BioFlux), which yielded Ct values and extrapolated the relative levels of the PCR products from standard curves. Melt curves were done routinely, and this allowed the possibility of both contamination and primer dimers to be discounted. actin was used as an internal control in all the experiments. The following primer pairs were used in PCR amplification:
0 and 5 0 -tgagaaggcgtggatccagc-3 0 ), and oma-2 (5 0 -atcaagctggccgttggatc-3 0 and 5 0 -agaagaatagactgagcagactcc-3 0 ). As shown Fig. 1B , the oma-1 RNAi resulted in a 7-fold decrease in control RNAi when we detected the amount of oma-1 mRNA. Similarly, under oma-2 RNAi, the amount of oma-2 mRNA decreased to 21-fold of control RNAi as expected (Fig. 1C) . However, under the double feeding, the amounts of oma-1 and oma-2 mRNAs decreased to 2-fold of control RNAi. In contrast, under oma-1;oma-2 RNAi (double knockdown), the amounts of oma-1 and oma-2 mRNAs decreased to 7-and 16-fold of control RNAi. These results indicate that oma-1;oma-2 RNAi significantly decreased the corresponding transcripts simultaneously. T7   T7   T7   T7   T7   T7   T7   T7   T7   T7   T7   T7   T7   T7   T7 Thus the effect of double knockdown against the oma-1 and oma-2 genes was much greater than that of double feeding. Under oma-1 RNAi, the amount of oma-2 mRNA decreased to 1.2-fold of control RNAi. Also, under oma-2 RNAi, the amount of oma-1 mRNA decreased. These slight decreases were probably caused by the 66% sequence identity between two genes.
Next, we observed the phenotypes of the tested animals to ascertain the effects of RNAi. As shown in Fig. 2A , when subjected to the control, oma-1, or oma-2 RNAi, the animals produced about 300 eggs. The animals subjected to double feeding produced about 180 eggs, indicating that RNAi is workable to some degree. In contract, the animals subjected to oma-1;oma-2 RNAi (double knockdown) produced less than 20 eggs, probably due to inhibition of oocyte maturation by RNAi. In addition, less than 20% of the eggs produced by the animals subjected to oma-1;oma-2 RNAi hatched, while all of the eggs produced by the animals treated with oma-1 RNAi or oma-2 RNAi hatched (Fig. 2B) . About 90% of the eggs produced by the animals subjected to double feeding hatched. Furthermore, as shown in Fig. 2C , observation by microscope revealed that the animals subjected to control RNAi, oma-1 RNAi, or oma-2 RNAi had many mature oocytes in the uterus. The animals subjected to double feeding also had mature oocytes in the uterus. In contrast, the animals subjected to oma-1;oma-2 RNAi scarcely had mature oocytes. We concluded that our method of simultaneous RNAi knockdown of two distinct genes (double knockdown) is workable. It was much more effective than the double feeding carried out traditionally. Our interest is in whether our method is applicable to other genes. In fact, Miller and coworkers succeeded in double knockdown for csn-5 and -6 by our method, suggesting that it is applicable to all genes. 10) In addition to our success in double knockdown described above, we asked ourselves whether simultaneous knockdown of three distinct genes (triple knockdown) might be workable. To address this question, we used the C. elegans TJ356 strain, which constitutively expresses GFP fused to the transcription factor DAF-16, s test) ; n, number of tested animals. B, Average hatch rate of eggs produced by each animal subjected to RNAi. Standard errors are shown in bars.
Ã p < 0:001 (Dunnett's test). n, number eggs observed. C, Microscopic observation of oocytes in the uterus at the adult stage. a, View of the uterus subjected to control RNAi. b, View of the uterus subjected to oma-1 RNAi. c, View of the uterus subjected to oma-2 RNAi. d, View of the uterus subjected to oma-1 RNAi plus oma-2 RNAi (double feeding). e, View of the uterus subjected to oma-1;oma-2 RNAi (double knockdown). Bar, 100 mm. a homolog of mammalian transcription factor FOXO.
11)
With this strain, we carried out RNAi directed against gfp and daf-16 in addtion to oma-1 and -2. We also performed triple feeding (oma-1 RNAi plus oma-2 RNAi plus daf-16 RNAi and oma-1 RNAi plus oma-2 RNAi plus gfp RNAi). We constructed RNAi plasmids as follows: A partial cDNA for daf-16 (3-1,561 bp) was amplified using primer pair 5 0 -gtcgacgaacgactcaatagacgacg-3 0 and 5 0 -ggtacccttgactcagctcatgtctg-3 0 , including the Sal I site, gtcgac, or the Kpn I site, ggtacc, at the 5 0 end. After TA-cloning followed by sequencing, the inserted fragment was separated from the subclone by digestion with Sal I and Kpn I, and then introduced into RNAi vector pPD129.36 and the RNAi plasmids for oma-1 and oma-2, yielding the RNAi plasmids used for single and triple knockdown respectively (Fig. 1A) . A gfp fragment consisting of 836-nucleotides was amplified using primer pair 5 0 -gtcgacactggagttgtcccaattct-3 0 and 5 0 -ggtaccagttcatccatgccaagtgt-3 0 , including the Sal I site or the Kpn I site at the 5 0 end. The plasmid pPD-Venus encoding an altered type of GFP was used as a template in this amplification (162-997 bp). Then we constructed the RNAi plasmid for gfp and that for gfp in addition to oma-1 and oma-2, as described above (Fig. 1A) . When the tested animals were subjected to the control RNAi using the empty vector, GFP fluorescence and mature oocytes in the uterus were observed, as shown in Fig. 3A . Under daf-16 RNAi and under gfp RNAi, almost all the fluorescence of GFP disappeared (Fig. 3B, C) , indicating that both RNAi suppressed the expression of GFP, as expected. Because the daf-16 RNAi induced degradation of the mRNA, including both the daf-16 and the gfp region, degradation resulted in the death of a portion of gfp. The RNAi showed no influence on production of the mature oocytes. Under the oma-1;oma-2 RNAi (double knockdown), mature oocytes were not seen at all in the uterus, whereas GFP fluorescence was clearly detected (Fig. 3D) . When we carried out triple knockdown (oma-1;oma-2:daf-16 RNAi and oma-1;oma-2:gfp RNAi), mature oocytes were not seen at all in the uterus, and almost all the fluorescence of GFP disappeared (Fig. 3G, H) , indicating that triple knockdown efficiently suppressed the functions of the genes. Under triple feeding, the animals produced many mature oocytes, while GFP fluorescence decreased to some degree. We concluded that our trial of the simultaneous knockdown of three distinct genes (triple knockdown) resulted in success.
In this study, first we established a simple and efficient method for the simultaneous knockdown of two genes (double knockdown) using the feeding RNAi. This method was much more efficient and reliable than the double feeding carried out previously. Moreover, our method is applicable to the knockdown of three distinct genes (triple knockdown).
In C. elegans, RNAi is sometimes inefficient against genes that function in nerve cells due to the degradation of dsRNA by RRF-3 protein.
12) Therefore, a mutant lacking rrf-3 is favored for use, because the mutant shows hypersensitivity to RNAi, especially in nerve cells. In the case of RNAi in an established mutant, it is difficult to knock down genes functioning in nerve cells, because crossing the mutant of interest with the rrf-3 mutant is troublesome and time-consuming. Simultaneous knockdown of a gene of interest and the rrf-3 gene by our method might resolve this problem. Our altered method feeding RNAi for knockdown of multiple genes should contribute to the elucidation of gene function in C. elegans. A, control RNAi. The upper view is the light view. The lower is the dark view. B, daf-16 RNAi. C, gfp RNAi. D, oma-1;oma-2 RNAi (double knockdown). E, oma-1 RNAi plus oma-2 RNAi plus daf-16 RNAi (triple feeding). F, oma-1 RNAi plus oma-2 RNAi plus gfp RNAi (triple feeding). G, oma-1;oma-2;daf-16 RNAi (triple knockdown). H, oma-1;oma-2;gfp RNAi (triple knockdown). Bar, 100 mm.
